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Abstract. We prove that an integrated simple random walk, where ran-
dom walk and integrated random walk are conditioned to return to zero,
has asymptotic probability n 2 10 stay positive. This question is moti-
vated by random polymer models and proves a conjecture by Caravenna
and Deuschel.
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1. INTRODUCTION AND MAIN RESULT

1.1. Introduction. This paper considers the persistence probability, i.e. the
evaluation of

P(A1>0,...,An>0)%n_9, n — oo,

where A is some stochastic process and the number 0 is called a persistence expo-
nent. Here and below f(n) &~ g(n) means that f(n)/g(n) is bounded away from
zero and infinity for large n. The problem is also sometimes called a one-sided exit
problem or survival probability problem. Problems of this type have experienced
quite some recent attention, see, e.g., [I&], [B], [I2], [W], [X], [T9], [5], [6], [T3],
and the recent survey paper [4].

These probabilities have a couple of applications to problems in theoretical
physics as well as to other questions in probability. We refer to the aforementioned
survey [@] and to a survey article on the related physics literature [T6] and its up-
dated version [K] for details.

* Supported by the DFG Emmy Noether Programme.
** Supported by grants RFBR 13-01-00172, NSh-4472.2010.1, SPbSU 6.38.672.2013.
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The particular problem that we treat here is motivated by a connection to ran-
dom polymer models, see Section 1.5 in [I{], also see [IT]. Here, A will be an inte-
grated simple random walk, where the pair of random walk and integrated random
walk is conditioned to return to the origin. This is supposed to model a polymer
chain with Laplace interaction and zero boundary conditions.

Let us be more precise and introduce the relevant notation. Let (X;);cn be a
sequence of independent symmetric Bernoulli random variables (P (X; = +1) =
1/2). We consider the simple random walk S,, := Z?:l X, and the respective
integrated random walk A, := " | S; forn € Ny := {0,1,...}. Note that the
paired process (Sp, Apn)nen, is Markovian and one can easily check that it can
return to (0, 0) only at the times 4n, 7 > 1. Our main theorem is as follows.

THEOREM 1.1. When n — oo we have
(1.1) P(A; >0,..., Ay > 0]Agn = Sin =0) = n~ Y2,

This proves the conjecture by Caravenna and Deuschel (see [I0], (1.22) on
p- 2396) for the case of the simple random walk.

Let us give a couple of remarks. The unconditioned probability has also been
subject to a number of studies: The first is due to Sinai [T/] who showed that, with
the notation above,

(12) P(A1>07'-'a14n>0)%n_1/4.
This result was subsequently refined by [IX], [3], [T2], [T9] to the end that
]P)(Al > 0, ‘e ,A4n } O) ~ cn71/4;

see [MY], Theorem 1, which extends to other types of random walks. Here and
below f(n) ~ g(n) means that f(n)/g(n) — 1 asn — oc.

We remark that the result in Theorem [T is in contrast to conditioning only
on Sy, = 0, where the rate is again

P(A; >0,..., A4, > 0] S4n =0) = n~ V4,

see [T9], Proposition 1, where our problem is also mentioned. That is, conditioning
on Sy, = 0 does not change the rate from the unconditioned situation.

The remainder of this paper is structured as follows: The next subsection gives
an overview of the method of proof. In Section [ we derive a local limit theorem for
the (unconditioned) process (.S, A, ), which we could not locate in the literature.
A similar local limit theorem was proved in [[I] (see Proposition 2.3 there) for ran-
dom walks with X; having a continuous distribution and under an appropriate inte-
grability assumption. In Section B, we show some scaling properties of the process
(Sn, Ay) under the condition A; > 0,..., A, > 0. Further, Section @ contains a
CLT for the process (S,, A,) “pinned” at some final value: (S, Ay) = (Pn, qn)
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with (n=1/2p,,n=3/2¢,) — (p,q); we show that the suitably scaled law of this

process converges to the law of a pair of Brownian motion and integrated Brown-
ian motion, conditioned to end at (p, ¢). This result may be of independent interest.
Finally, Section B contains the proof of the main result.

1.2. Overview of the proof and notation. Throughout we use the following
notation:

We let

(1.3) D, := {E = (01,05) € Z*: 41 = n (mod 2), £y = n(n;—l) (mod 2)}

denote the set of all possible values of (S, Ay).

We will use the notation of an adjoint process which is gained via time rever-
sion. Depending on parameters N € N and (sy, ay) € Z? we define the adjoint
process (S%N), A%N))nzo,m,N via

S(()N) =sy and A(()N) =an
and the equations

. _ . B B
S7(1<|>)1 =S™M — Xy, and A;PF)I =AM _ g,

By construction, one has for n,m € {0,..., N}
(14 Sy, AN = (Sny An)} = {(SR”, AN ) = (S Am)

meaning that the time reversed adjoint process and the original process either
agree or disagree for all times n = 0, ..., N. In particular, the event of accordance
is equal to {(S", A§’) = (0,0)} or to {(Sn,An) = (sn,an)}. The process
(S, ALY is Markovian and the definition can be extended in a canonical way
to the time index Ny.

The strategy of the proof is as follows: We partition the time frame 4n into
three periods: in the first n steps, the process is observed under the conditioning.
The same is done in the last n steps. Then in the middle 2n time steps one has to
use (upper bound) or ensure (lower bound) that the two ends meet.

For the upper bound, we observe that, on QIH and with Ay, = Sy, = 0, one
has Q;F and the same condition for the adjoint process on the final n time steps.
Conditioning on the first and last n time steps, in the middle piece — consisting of
2n time steps — one again observes a pair of random walk and integrated random
walk, however, starting and terminating at certain values. The probability of this
pair starting and ending at certain values is governed by a local limit theorem.

The lower bound is more complex. Here one has to ensure that during the
first (and last, respectively) n steps one ends with the pair (S, 4,) in a target
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zone [an'/?, bnl/?] x [an®/?, bn®/?], where a, b are appropriate positive constants.
This can be shown by analyzing the scaling of S and A under the conditioning.
To ensure that both ends meet, we prove a CLT for the process (S, Ay) which
is “pinned” at the beginning and at the end (by values that are in the above target
zone). This CLT helps us to transfer the question of positivity of the second com-
ponent to the same question for the limiting process (that is, Brownian motion and
its integrated counterpart), where the question of positivity is easily solved.

The local limit theorem just mentioned is stated and proved in Section [1. Then,
in Section B, we prove the results concerning the scaling of A and S under the
conditioning needed in the proof of the lower bound. Further, the CLT for pinned
process is formulated and proved in Section B. Finally, in Section B we give the
proof of our main theorem.

2. LOCAL LIMIT THEOREM FOR (S, Ay)

In order to state our limit theorem, we will need the notion of Brownian motion
B = (Bt)+>0 and integrated Brownian motion I = (I;);>0 defined as

t
I, == [ Byds.
0

Note that the paired process I' = (I't):>0 = (B¢, It)¢>0 is a centered Gaussian
Markov process and I'; has the two-dimensional Lebesgue density

3
@.1) g(z,y) = V3 exp{—22% + 6zy — 6y°},
v

which follows directly by calculating the covariance matrix of I'.

A main ingredient of our proofs will be the following local limit theorem for
the simple random walk and its integrated version, which we could not locate in
the literature.

PROPOSITION 2.1. We have

2

lim sup anP’((Sn,An) =0) —g(tr/V/n, 52/”3/2) =0,

where g is defined in (1)

2.1. Proof of Proposition 2.1

Proof. We start with a general representation of probabilities through the
characteristic function. Let Y € Z? be an integer random vector and

F(t) = Ee'™Y) = S exp{i(tiky + toko)YP(Y = k), t = (t1,t2) € R?,
kez2
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its characteristic function. Then for any ¢ € Z?

™ T

f f J(t) exp{—i(t1ly + tal2) }dt1dts

—TT —T

=Y PY =k) } } exp{i(ti(ky — £1) + ta(kg — £2))}dtdts

keZ? -7 =T

= Z P(Y = k‘) f eXp{itl(kl —fl)}dtl f eXp{itQ(k‘g - fg)}dtg
kez? —n -

= > P(Y =k)(27)° Ly =0y Lporny = (27)°P(Y = 0).
kez?

We conclude that

™ T

22 PY =0=02n)"2 [ [ f@t)exp{—i(t1l1 + tals)}dt1dts.

—T =T
When Y is symmetric, then one has

(2.3) P(Y = f) = (271')_2 } } f(t) COS(tlél + t2£2)dt1dt2.

—T —T

In our case Y, = (Sp, 4y) 4 (31 X;,>°77X;), where (X;) are indepen-
dent Bernoulli variables. Hence, the characteristic function of Y, is

Ty (t) = ﬁ1 cos(ty + jta).
e

Let us discuss a periodicity property of the integrand in (Z3). For the charac-
teristic function we have

Jyn (t1 +m,t2) = (=1)" fy, (t1,t2),
fro(tita+m) = (=) 1 (4 1),
while for the cosine part we have
CcOos ((751 + 71')61 + tgfg) = (—1)81 COS(tlfl + tggz),
coS (t1€1 + (t2 + W)ég) = (—1)32 cos(t101 + tals).

Therefore, if ¢ € D, then the integrand in (Z3) is m-periodical with respect to
both coordinates. In particular, it is equal to one at any point of the set

Q= {(070)3 (7T70)7 (077T)7 (7‘(,71‘)}.

On the other hand, it is trivial to see that | fy, (t)| < 1 forany t ¢ Q, n > 2.
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What follows next is a “three-domain approach” of proving a CLT through
characteristic functions: we divide the area of integration into three pieces: on the
first piece the integrand is exponentially small, the second piece is not large enough
to give any contribution, and on the third piece, the integrand can be approximated
by the corresponding normal characteristic function, and thus gives the main con-
tribution.

Let us start with the first piece. If we look at the integral in (Z3) and con-
sider the integration domain as a torus, then for large n the integral is essentially
accumulated in the small vicinity of the set ().

To be more precise, let 0 < ¢ < 1, define the distance d(t,s) := [t; — s1|
+ n|ty — s2f, and let d(t, Q) := infscg d(t, s). One can show first that the inte-
grand on the domain 7 := {t : d(t,Q) > £} is uniformly (in ¢ and ¢) exponen-
tially small, that is

sup | fy, (£)] < (1 - h(e))"
t:d(t,Q)>e
for some h depending on €, see Lemma 2 below. Therefore, everything reduces
to the domain 77 := {t : d(¢,Q) < €}. By periodicity, we can only consider

{t:d(t.0) <<} = {t: |a] +nlta] < }

and then multiply the result by |Q| = 4.

Next, the zone {t : d(¢,0) < €} is further split into two zones, T s := {t :
M/y/n < d(t,0) <e}and Ts 5 := {t : d(t,0) < M/\/n}. On Ty ps we use, for
¢ small enough, the bound

v (O] = TT | cos(ts + jta)| < ﬁexp{ (tr + jt2)?/2}
j=1 j=1

n
xp { - 2 ty + jt2)?/2} < exp{—c(nt] + n’t3)},
where we used Lemma Tl (see below) in the last step. Therefore,

lim n? [ |fy,(t)dt

M—o0

To,m
< lim n? i exp{—c(nti + n’t3)}dt
M—o0
{[t1[4nlta|>M//n}
= 1 —c(s? + s2) ds =
i f exp{—c(s1 + s3)}ds = 0

{Is1]+|s2|=M}

for any n € N, having used the change of variables s; = t1\/n, s3 = t2n3/2.
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On T3 s by Taylor expansion we can compare fy, with the corresponding
normal characteristic function. Namely,

fv, (t) ﬁ cos(t1 + jta) = exp{ Z In cos(ty —|—jt2)}
j=1 j=1
= exp { Z In (1 - (t + jt2)?/2 + O(n_z))}
j=1

_exp{ %(i (t1 + jt2) +O(n1))}

1 . L _
:exp{ - 5(mt%+2 th1t2~|— S 224+ 0(n 1))}

J=1 Jj=1

1 3
= exp { ~3 <nt% + nltity + %t% + O(n_1)>}.

Therefore, using the change of variables s1 = t14/n, s2 = t2n3/ 2 in the second
step, we get

2
2 f fYn exp{_i(t1£1+t2€2)}dt1dt2
( ) T3,m

2

- (27;)2 J Sy, () exp{—i(t1€1 + talo) }dt 1 dts
{|t1]+nlt2|<M/y/m}

1

e

1

X f exp {—2 (8% + 8182 + %Sg) } eXp{—i(SlLl + SQLQ)}dSldSQ
{Is1|+|s2|<M}

as n — oo, provided that {; = [L1\/n], {3 = [Lo n3/ %], and the convergence is

uniform over L1, Ly € (0, 00). For large M the latter limit is close, uniformly over

Ly, Lo, to

1 1 .

)2 [ [ exp {—2(5% + 5152 + és%)} exp{—i(s1L1 + s2L2)}dsidsz

Vdet R 1 1 1

= - = - —1 L L

T ey [ [ exp { 2(R s, s)} exp{—i(s1L1 + s2L2)}dsidsa

Vdet R 1

=5 exp{—2(RL,L)},
where

1 1 4 —6
R = 2), R:( ) det R = 12.
(; 1 —6 12
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By recalling the factor |Q)| = 4, we arrive at

4412
2

1 4/3
exp {—2(RL, L)} = \—f exp{—2L} + 6L1 Ly — 6L3},
7r

as required by the proposition. =
2.2. Some auxiliary lemmas.

LEMMA 2.1. There exists ¢ > 0 such that for all n large enough and any
t1,t9 € R

n
Z t1 + jt2)? > c(nt? + n3t3).

Proof. There is no loss of generality to assume t; = —1 and ¢t := t5 > 0.
Then we have to evaluate the function

n
Z (jt —1)? = Sot? — 28t +n,

where Sy = Sy(n) =37, j 2~n?/3and S; = S1(n) = Z;.L:ljan/Q.
Consider the functlon

n
Z gt —1)% = Sot? — 251t +n — c1(n + nt?).

This is a quadratic function with discriminant
452 —4(n — e1n)(Sy — e1n®) ~ 4n (Z —1=ea)(3 - 01)> <0

for c¢; chosen sufficiently small and n sufficiently large. Thus G is positive every-
where. =

LEMMA 2.2. For any 0 < £ < m/2 there exists h = h(e) € (0, 1) such that
for any integer n > 4 we have

sup | fy, ()] < (1 - h(e))".

t:d(t,Q)>e

Proof. Let M(z) := mingez |z — k7|. Take any ¢t = (t1,t2) € [0, 7]? such
that d(¢, Q) > €. The latter means that

M(t1) + nM(te) > ¢

Then two cases are possible:
() nM(t2) < e/2.
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Then we have M (t1) > €/2. Hence, for any 1 < j < n/2 it s true that

> M(t1) — M(jt2) > M(t1) — jM(t2)
> M(ty) —nM(t2)/2 > €/2 — /4 =¢e/4,

and we obtain the required estimate

n/2
| fy, (8)] < TT | cos(ty + jt2)| < [cos(e/4)]"/2.

Jj=1

(2) nM(t2) > €/2.

By symmetry reasons, there is no loss of generality in assuming that 0 < o
< /2.

Let § := £/10. Then

nty _ nM (ta) S £/2 _&
) 0 e/10

Let us choose an integer m > 0 such that mty < § < (m + 1)t2. Since mty < 6 <
nte/5, we have m < n/b.

Assume for a while that o < 7/3. We show now that for any 1 < j <
n — 2(m + 1) the inequalities

M(ty + jt2) <6 and M (t1 + jta +2(m + 1)tz) <6

are incompatible. Indeed, let the first one be satisfied. Then for some k& € Z we
have
wk — 0 < t; 4 jta < wk + 6.

It follows that
(2.4) t1 4+ jto+2(m+ 1)ty > (tk —0) + 20 =k + 9
but (using twice thate < 1 < 7/2)

(2.5) t1 + jto + 2(m + 1)t2 < (ﬂ'k‘ + 5) + 2(5 + tg)
=1k + 30 + 2ty < wk + 37/20 + 27/3
<mk+1)—nw/20<w(k+1)—0.

From (Z4) and the last line of (Z3) it follows that M (t1 +jta+2(m + 1)752) > 0,
and incompatibility is proved. This fact yields

n—2(m+1) < 3n

#{j <n: Mt +jt2) > 6} > 5 /E—l,
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and
" , 3n/10—1
| fy, ()] = T [cos(t1 + jt2)| < [cos(d)]""/ 77,
j=1
which settles the assertion of the lemma.
For the remaining case /3 < to < m/2 it is immediate to see that the inequal-

ities

M(tl —|—jt2) < ¢ and M(tl + (] + 1)t2) <9
are incompatible; we obtain

n—1

#{j<n:M(t1+jt2)>5}> 9 5

and

| fy, (t)] = ﬁ | cos(t1 + jt2)| < [Cos(g)](n—l)/; .
j=1

3. SCALING OF S AND A UNDER THE CONDITIONING

The purpose of this section is to show the following facts concerning the scal-
ing of S and A under the condition of positivity of A.

PROPOSITION 3.1. There is a constant ¢ > 0 such that, for alln > 1,
en'/?,
en®/?.

(3.1) E (1Sa] | )

<
(3.2) E (JAn| | ) <

Proof. (1) We start with the proof of (Bl). First we show that it suffices to
estimate E(S,F|Q;1), since

(3.3) E (|Sn]|%) = E(SF + S, 107) < 2E(S;7|€).

Indeed, if S,, < 0 we let oy denote the last visit to zero: op := max{k <
n : Sk = 0}. Consider the path transformation that is given by inverting the steps
after 0. This transformation maps any path in Q" with S,, < 0 to a path in O}
with S, > 0. It is a one-to-one transformation (however, not a bijection, since the
image of a transformation of a path in Q" with S,, > 0 does not have to be in ;).
Therefore,

P N {S, = —k}) <P N{S, =k}), k>0,

and thus
E(S, 192) <E(Sy ).
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It remains to estimate the latter expectation. For 0 < t < n, let
(3.4) Qn,t = {AJ>0, <t 5 =0; S >0,t+1< n}
Clearly,

n
QF = QN {S, <0} Ul Qs
=0
Thus,

(3.5) E(SHQ) =

n n

(m) E Z o

B i ES; 1q,, P(Qn,t)
IP’(Qn,t) P(O;))
" P(Q)
< E(ST|Q, :
o2 S 1) 2 o

=+
< g2, B o)

By definition,

P(Qn,e N {Sn = K}k
E(S Q) = go P(Qt)

We can represent each of the events here as an intersection of two independent
events, respectively:

Qne = N{S, =0}n{S; — Sy >0,t+1
Qn,tm{Sn = k} - Q?_Q{St = O}ﬁ{SJ - St > O,t + 1
It follows that

n},

<
<n;S,—S; = k}.

<J
<J

(3.6) E(55Qny)
= PO N{S =0})P(S; — Sy > 0,6 +1<j<n; Sy, — S =k)k
o P(Q N {S; =0}P(S; — S; > 0,t +1<j<n)
P(S;—S;>0,t+1<j<n;S,— S =k)k
]P>(S~—St>0 t+1<j<n)

k>0
_Z S>01 n—tSnt—k)k
>0 P(S; >01 <n—t)
=E(S!,|S; >0,1< n—t) 0<t<n.

In order to evaluate the latter expectation we use a stopping time argument.
Let v := inf{k : Sy = —1} and v,, := min(v, n). Then v, is a bounded stopping
time and we have
0=ES,, =ES,1,~, —P(v <n).

Hence, ES, 1,~, = P(v <n) < 1.
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On the other hand, we know (see [I5], XIL.8) that P(v > n) ~ n~ /2,
Finally, let us consider S := S;y1 — S1, 0 < i < n, and let v be the corre-
sponding stopping time. Then

37 E(S418>0,1<i<n+1)=1+E(S,]5 >0,1<i<n)
=1+E(S,|v' > n)
ES;LILU,>’IZ
P(v' > n)
<1+ +vnje<C'Vn.

Combining this with (B3) and (B=6) gives

(3.8) E(SF 1)) < evn.

This and (B3) show (E).
(2) We now prove (B2). We start with some simple estimates:

[Anl = [ 32 Sk| < XISl = 3 S+ 3 8-

k<n k<n k<n k<n

Moreover, on £/ we have

0< A4, =Y Si=Y 5 - 5.

k<n k<n k<n

Hence,
|A,] <2 Y S <2n max Sj.

k<n Sksn

It is now enough to prove that for any R € N it is true that

(3.9) P({ max S, > R} N Q) <2P({S,, > R} NQ),

0<k<n

because this leads to the desired

E(J4.]|9)) < 2nE(Or<11]§L<>( Sk|4) <4AnE(S;H10)) <4n-ceyn = dn?,
<X \n
where we used (BH) in the third step.
For proving (B9) we will only use the monotonicity property of ,: if  and
y are two paths with z € Qf and y > z pointwise then y € Q.
Fix R € N. For any S € {maxo<k<n Sk > R} N Q! the time

op:=max{k<n:Sp=R}<n
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is well defined. For any S € {maxo<r<n Sk = R} N Q5 N {S,, < R} define its
transformation y by inverting steps starting from og. This is a one-to-one trans-
formation and we have the following properties of y: Si = y;, for k < o while
S < R <y forop < k < n (in particular, y, > R). Hence S < y pointwise. By
monotonicity, y € Q.

We infer that our transformation is a one-to-one embedding (as a side note: it is
not a bijection, since the image of the transformation of a path in Q; N {S,, > R}
may be outside Q;}):

{max S, > R}NQIN{S, <R} — Qf n{S, > R}.

0<k<n

Hence,

P({ max Sy > R} NQ N{S, < R}) <P(Q N{S, > R}).

0<k<n
and (B9) follows. =

The following lemma is also concerned with the scaling of S and A. We show
that the joint distribution of S,, and A,, (conditioned on Q1) is not concentrated
near zero when n — oo.

LEMMA 3.1. Forl,m,n € Nwithl < n one has
P(Sp >m, Ay > (n—U)m | Q) = P(S; > 2m) P(|S,—i| < m).

In particular, for any constants c1, co > 0, there exists a strictly positive constant
k = k(c1, c2) such that for all sufficiently large n

P(Sn > c1n'/?, Ay > con™? | Q) > 1 > 0.
Proof. First note that
(3.10) P(S, >m, 4, > (n—)m | Q)
>P(S; >2m,S; — S > —mfori=1+1,...,n| Q)

P({S; > 2m}nQ n{S;— 9 > —mfori=1+1,...,n})
P(Q7) ’

>
sincefork=101+1,...,n

k
A=A + Z (Sz — Sl) + (k - l)Sl
i=l+1

k
>0+ > (—m)+ (k=15
i=l+1

=k-0DS1—m)>(k—=10)m=>0.
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By independence, the last term in (B-10) equals

P({S; > 2m}n QZJF) P(min;—q, _n—1S; > —m)
P(%)
P(S; > 2m) IP’(Q;“) P(maxj=1 . n—1 5 <m)
P(Q)
> P(S; > 2m) P(|Sp—i| < m),

>

where, in the last step, we used the reflection principle as well as the fact that
(3.11) P({S; > 2m} nQ") > P(S; > 2m) - P(}),

which means that the events are positively correlated: Recall that a family of ran-
dom variables (X;)1<;<; is called associated if for any pair of bounded coordinate-
wise non-decreasing functions f;, fo : R — R it is true that

E(fl(Xl, .. ,Xl)fQ(Xl, .. ,Xl>) > Efl(Xl, .. ,Xl)Efg(Xl,. . .,Xl).

See [U] for detailed account of the association property and its extensions. One
only needs to know that any family of independent random variables is associated,
cf. Theorem 1.8 in [9] due to [T4]. Thus, (B-I1l) holds. m

4. CLT FOR THE PINNED PROCESS

In this section, we prove a CLT for the pinned process (Sy,, Ay )n=1,... N, When
letting NV € 2N tend to infinity. By “pinning” we mean that the process is condi-
tioned to arrive at a certain point, depending on [V and scaling in N with the natural
scaling of the process. We restrict attention to even numbers N for technical rea-
sons, although the following theorem remains valid for general V.

We need some more notation. Recall that the set D,, was defined in (I'3). We
describe the pinning via an R?-valued sequence (p™)) ycon satisfying

(NY2p™M N*2p0M)y € Dy and  lim p™ =y

1
N—oo
for a p € R2. Further, as described in the introduction, we associate with the pro-
cess (Sy, An)n=o,....n the adjoint process (S, Aﬁlm)n:o,,,,’]v started at

5,(()1\7) — N1/2p(1N> and AE)N) — N3/2p(2m.

- Weiwill consider both original process (.Sy,, A, )n=0,..., N and adjoint process
(S5, A7) n=o,...,n in their normalized versions: we set for s € +Z N [0,1] and
N € 2N

=M = (N"Y285,, N732Ay,) and EM .= (N"V25() N—3/240))
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and apply a continuous piecewise linear interpolation between the breakpoints

s € +Z N [0,1] to obtain continuous processes =) = (E‘(SN))SG[OJ] and Z™) =

(ESGN))SG[O,I} .
Using this notation, the CLT reads as follows.

THEOREM 4.1. One has
£EY 2 =p) = £ |1 =),
where I' = (T't);c(0,1) = (Bt It)ieo,1)-

REMARK 4.1. We remark that the theorem remains valid when choosing dif-
ferent starting points for the Markov process (Sy, An)nen. Suppose that it is start-
ed in (s™) a™N)) such that the limit

5= lim (N~Y2sM N73/240)

N—oo

exists. Now assuming that the pinning is done on non-null events, one gets
(N) g (N)Y /= —
L£ET(=EM 1 2N) = £5T Ty = p).

Here the right-hand side denotes the law of integrated Brownian motion started
in s. The statement is straightforwardly obtained by using the fact that

(S’n, fln) = (Sp + 8, Ap + a+ ns)pen

has under P(O) the same distribution as (Sh, Ay) under P9 and the analogous
property for the process 1.

In order to prove Theorem B, we show tightness and convergence of finite-
dimensional distributions for the conditioned distributions.

Proof of Theorem Bl Tightness. We prove that the sequence of con-
ditional distributions £(Z®™ |Z{™ = p™) on C ([0, 1], R?) is tight.
Let € > 0 and fix compact sets K1, K7 in C( [0, %] , Rz) with

PEMeK))>1—e and PEN €Ky)>1-¢

for all N € 2N, where the processes are to be considered on the time interval
[0, %] Such compact sets exist by Donsker’s invariance principle (see, e.g., [[7]).
Now let K C C[0, 1] be the set of continuous functions f : [0, 1] — R? with

(ft):te[0,3]) €K1 and (f(1—t):t€]0,3]) € Ka.

It is obviously compact in C([0, 1],IR?). By the definition of the adjoint process
(see (IC4)), one has

(=1 =9} = (=) =00 = (5 =0k
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so that

P(E(M ¢ K|:<N) — p(N))

SPEW ¢ K1 |E])) =5))) + PE™ ¢ K2 | E))) = E[}).

To obtain an upper bound for the first term, we observe that (1{=Z") ¢ K3}, 5(17%)
=(N)

=1/2

PE™ ¢ K, ngj; — ;;7; ) =S PEW™ ¢ K, ngj; =2) IP’(”(I% z).
z

and are independent, which implies that

=(N)

By the local central limit theorem, the weights (=] /2= z) are uniformly bounded

by a constant multiple of N2 so that

PE® ¢ K12 =Eip) < CppPE™ ¢ K1) < G

for a universal constant C';. Analogously, one concludes that

= = _ ) 1

P(E™ ¢ K»,EY)) = E) < CorrzP(EN ¢ K1) < Cherss

for a universal constant C. Since by the local central limit theorem (Proposi-
tion 2T above) limy oo N2P(E(") = p™) = C3 > 0, we conclude that

limsup P(EN ¢ K |ZY = p™) < GLtCy €.
N—o0 03
Since € > 0 was arbitrary, this proves tightness.
Convergence of finite-dimensional distributions. It remains to prove conver-
gence of finite-dimensional marginals. For ¢ > 0 we denote by g; : R? x R? —
[0, 00) the transition density of the Markov process (I's) over an interval of length .

Itis
) 9 [Tr—u y—v—tu
gt(uavvxay) =t g( ﬁ ) t3/2 )

Fix m € N, times 0 < t; < ... < t;, < 1, and a continuous and bounded
function f : (R?)™ — [0, 00). We write t},, = t,(N) = min(Z/N) N [tm, 1].

First we verify that, for arbitrary € > 0, it follows that for sufficiently large
N € 2N

(41) IP)(’“(N) p(N) | "(N) ) > (4glft;‘n(zap) - E)N_2

for all z with IP’(:%) = z) > 0. The estimate is a consequence of the local limit
theorem (Proposition 211): we let

0=(N) = (VNp¥, N*2piV)
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along with n = n(N) = (1 — )N and ¢ = (V/Nz1, N3/22,), where z is as be-
fore. For any ¢’ > 0, it follows that uniformly in the relevant z’s we obtain for
sufficiently large N

42) PEY =p™ 2L = 2) = P((Sn, An) =€)
= P((Sn, An) = (1 = (1, b2 = G2 — nG1))

o (=G -G —nG _
2 1—C1 £ 2
> 4n g( T 52 )_E/n
(N)

= AN"?g1_¢: (21, 22; P}

(N) / —2
7p2 ) en .

Since n(N) is of order N, we can choose for given ¢ > 0 a sufficiently small
g’ > 0 such that (E2) implies (Z-T).
Hence, by the Markov property one has
—=(N) —=(N)
E[f(Htl Y i, ) ]I{E(IN)ZP(N)}]
=E[f(E", B ) Bl iz _yony 1 Fs ]
>4ANTE[f(E, .. BL) 14, (B, p)] —eC N2,

where C' = || f||oo- Using the continuity of g together with the classical Donsker
invariance principle [[], we arrive at

2RI £ (=) =(N)
hnrggéf iNE[f(E,..., 5 )]I{E(lN):p(N)}]

> E[f(rtu cee th) 91—t (thap)] —eC.

Analogously, one proves the converse bound. Since € > 0 is arbitrary, we get

nh_{Iolo 1N2 E[f(E;iV)7 s 7El(§N)) {~(N) (N)}] E[f(Ft1> s 7th) 91—t (thvp)]
= [ [ Fz 2) 96(0,21) . 91—, (2m, D) d21 - . d2m.

In particular,
lim N E[ {E(IN):p(N)}] = gl(oap)a

’VL—*OO

and putting the estimates together completes the proof. =

5. PROOF OF THE MAIN THEOREM

5.1. Proof of the upper bound. The purpose of this section is to prove the
upper bound in (). This will follow almost directly from a local limit theorem
for (S, Ay,) (Proposition 2TI).
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Let us recall that
QF ={A1>0,...,4, >0} € o(Xy,...,Xp)
and let us define
Q: = {14_1(1%) =>0,... ’Agm) > 0} € O'(Xg,—H_l, e ,X4n),
where the adjoint process is started at (0,0). Then due to the fact that flf") =
Ay on Ay = S4pn = 0 (see (L)) we have
P(A; >0,...,A4, >0, Ay, = Sy, = 0)
< ]P’(Qj{ N Qj{ N {A4n = Sy = 0})
= P(Ay, =S4 = 0| NN - P(QF N Q).
Clearly, ;7 and Q" are independent. Further, the adjoint process started at (0, 0)
has the same distribution as the original process, so that P(Q2;}) = P(2;}) ~ n~ 14,
by Sinai’s result [T'7]. B
On the other hand, the event ;7 N Q" only concerns the random variables
Xi,...,Xpand X3p41, ..., X4n, so that
(5.1) P(Agn =S4 =0 NQY)
< sup P(Agy = S4n =0|X1 =21, ..., Xy, = 2,

L1ye-9Tm,
Z3n+1,.Tan€{—1,+1}

and X3,41 = 3041, - - - » Xan = Tan).
Given the values for X, ..., X, and X3,,41,..., X4n, the variables (S;, A;), i €
{n+1,...,3n}, form another pair of simple random walk and its integrated coun-

terpart, however, the pair is started at some different point: that is, for the vector
(Si, Ai),i=n-+1,...,2n,started at (k, [) has the distribution
(k+ Sicn, k(i —n—1)+ 14 Aiy).
Thus, the quantity in (5) is bounded by
sup ]P)(s’a)(AQn = a/’ Son = 5/) = sup P(O’O) (AQn = alv Son = S/)'
a,s,a’ s’ a8’

Now, the local limit theorem for (S, A,,) (Proposition IT) tells us that the latter
probability is bounded by cn 2.
Summing up and using once again the local limit theorem, we get

P(A1 >0,...,A4p, > 0|Ag, =S4, =0)
B ]P)(Al >0,..-,A4R>O’A4’]’L:S4n:0)
N P(Aéln = S4n = 0)
n-2.p-U4. ,-1/4
-

~y n_l/Q,

< const -
n

which completes the proof of the upper bound.
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5.2. Proof of the lower bound. Here we prove the lower bound in ().
First observe that Proposition B, Lemma B, and the Markov inequality
show that there are constants 0 < a < b < oo and x > 0 such that, for all n,

(5.2) P(S, € [an'/?,bn/?), A, € [an®? 0®?) | Q) > k > 0.

Using the Markov property of (.S, 4,,) we have

(5.3) P(QL, N {(San, Aan) = (0,0)})
=3 3 POY(QF N {(Sn, An) = (K, 1)})

kKU
x PED(QF N {(San, An) = (K, 1)})
x PE (QF N {(Sn, An) = (0,0)}).

.....

By (4), one has

PEO(QF N {(Sn, An) = (0,0)}) = BF(QF n {87, A7) = (*,1)})
= P(O’O) (Q;{ N {(Sna An—l) - (_kla l/)})7
where in the last step we used the fact that ((S’, Aiy)) : m = 0,...,n) under
P s distributed as ((— Sy, Am—1) : m = 0,...,n) under P(0) with target
point (k’,1"). Here we adopt the convention A_; = Ay — Sp. In order to compute

a lower bound for (53), we can confine ourselves to summands where (k,[) and
(=K', 1') are in [an'/?,bn'/?] x [an?/2, bn3/?], respectively, that is to

L(n)={(k,l) € D, | (k1) € [anl/Q,bnl/Q] X [an3/2,bn3/2]}
and
R(n) = {(K.V) € Dy | (~K,1') € [an"/2,bn"/?] x [an®?,bn*/?]},
respectively, where D, is defined in (I.3) and

-1
D, = {K: (61,52) €Z2 Al :n(mod 2), by = u

We will prove below that

(5.4) 2« :=liminfn®  inf  PED(QF N {(Son, A2) = (K, 1)}) > 0.
n—00 (k,l)eL(n)
(K1) ER(n)
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Then one estimates (53) by the product of x'n 2,

> P(Q N {(Sn, An) = (k,1)}) > P() )k,
(k,1)EL(n)

and
> P2y n{(Sn, Anr) = (=K, 1)}) = P(Q))k,
(K" I")E€R(n)

where we used () in both cases. To see the second relation one needs the follow-

ing additional argument in conjunction with (52): Let 0 < € < b — a. Then for all
n large enough

P(S,, € [an'/?,bn?/?], Ap_y € [(a — e)n®/%, 032 | )
>P(S, € [an*/?,bn'/?), A, € [an®/?,bn3/?] | Q) > r>0;

and we continue to work with a¢ — ¢ instead of a.
Thus, assuming (B4, using the local limit theorem (Proposition 21 for the
denominator, and Sinai’s result [T7], we get

P (2, N {(Sin, Asn) = (0,0)})

P((S4n7 A4n) = (07 0))
> K'n~2 ken V4 ken YA V2,

c(4n)—2

which shows the assertion.

It remains to prove (524)). We proceed with a proof by contradiction.

Assume that the liminf in (B4) is zero. Then there exist an N-valued se-
quence (7, )men that tends to infinity and pairs (kp,, ln) € L(ny,) and (k,,,1),) €
R(nym,) for m € N such that

lim ngn P““"“lm)(@ N {(S2n,,, A2n,,) = (A )}) =0.

n mrTm
m—00

Without loss of generality we can assume that the limits

§:= lim ((Qnm)_l/Zk:m, (Qnm)_s/zlm) € [a,b]?,

m—00

p:= lim ((an)_l/Qk‘;n, (2nm)_3/2l;n) € [a, b)?

m—00

exist, since this is the case for at least one subsequence of (n,, ). In order to apply
the central limit theorem, we work with the continuous function

F: 0[07 1]2 - [0,00), (ZlaZQ) = 1A (telf(l)fl} Zt2)+ < ]l{zt220,t€[0,1]}'
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Let
Zi" = (Z;n’l’Z;nQ) = ((2nm)_1/2 S2nmt; (2nm)_3/2 A2nmt)

fort € No/(2n,,) and extend the definition of Z™ between the points in Ng /(2n,,)
linearly. Then

Pt (QF, 0 {(Sonns Azn) = (Kis 1))
> BF P (Z) | (S2ns Aznn) = (K 1)) - P((S2mns A2ny) = (K 1))

my'm

Since Pkmilm) ((Sy, . Aoy, ) = (kb 10,)) > ¢(2n,,,) 2 for a positive constant c,

m?'m
a contradiction is achieved once we show that

lim sup E(km’lm)[F(Z) | (S2n.,s A2n,,) = (k/ L, )] > 0.

m’ 'm
m—00

However, this follows directly from the local limit theorem (Proposition 1) and
Remark B, Indeed, the lim sup is actually a limit and it is equal to

E*[F(I)[I' = p].
Furthermore, it is positive, since s2 and p9 are positive.

REMARK 5.1. After the first version of this paper had been made public in the
preprint arXiv:1205.2895, Denisov and Wachtel announced in [[3] an extension of
our main theorem, cf. their Section 1.3. The formal proof is not given, however,
their methods are — presumably — quite different from ours.

An anonymous referee pointed out that the strategy suggested in the present
paper might also be valid for a much more general class of random walks. We leave
the exploration of this valuable idea to subsequent publications.

Acknowledgments. We would like to thank the two anonymous referees for
their careful reading and their suggestions.
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